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ABSTRACT 
Use of composite materials is growing rapidly because they offer weight reduction, 
durability and better fatigue life as compared to metals. Despite of their advantages, 
there are some problems associated with the use of composites, and impact resistance is 
one of the weak areas in composites. Low speed impact damage has been the focus of 
attention of researchers for quite some time but studies of high speed impact damage is 
still in its preliminary stages. In this study, effects of ballistic impact on thin and thick 
composite panels were investigated. Damage due to high speed impact in composites 
is a complex phenomenon and it is diflScult to analytically model all the events taking 
place during the impact. 
An experimental approach was used to study the damage from high speed impact 
and the Finite Element analysis was performed to understand the damage sequence. 
Thin symmetric quasi-isotropic and cross-ply laminates consisting of up to 16 layers 
were studied using experimental vibration and Finite Element analysis. It was found 
that frequency response of damaged plates is dependent on the stacking sequence of the 
laminate. Results also show that the natural frequencies of the damaged plates decrease 
for few initial modes and increase for some of the higher modes. It was observed that 
cross-ply laminates exhibit very little effect on the natural frequencies due to damage. 
Thick symmetric quasi-isotropic and cross-ply laminates consisting of 56 plies were 
also studied. Results demonstrate that damage size is dependent more on the shape and 
size of the impactor, rather than the impact energy. Faster bullets cause less damage as 
XV 
compared to slower bullets. Damage was found to be dependent on stacking sequence 
of the laminate. Cross-ply laminates suffer more damage than the quasi-isotropic lam­
inates. Damage is dependent on the thickness of the laminate and is more in thicker 
laminates. Damage is always more towards the exit side than the entry surface. 
A model of bullet penetration into a composite laminate is presented and the failure 
due to inter-laminar shear stresses was explained through this model. The model was 
verified using a quasi-static Finite Element analysis. It was demonstrated that outer­
most ply of the laminate fails first and maximum inter-laminar shear stresses occur 
between two outer-most plies, causing delamination. It was also demonstrated that 
inter-laminar shear stresses increase progressively, as the number of effective plies in the 
laminate reduce due to failure and it is strongly dependent on the stacking sequence. 
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CHAPTER 1 INTRODUCTION 
Overview 
A general overview of this dissertation is presented here. In Chapter 1, an introduc­
tion of composite materials is given with particular emphasis on advanced composites 
used in aviation applications. Their importance, usage, applications and advantages are 
described. .A. literature review is given on the subject of impact damage in composites. 
Different aspects of impact damage phenomenon are also covered in this chapter. 
In Chapter 2, some of the definitions relating to composites are given. Theoretical 
aspects and governing equations for composites, covering .Anisotropic Elasticity, Classical 
Laminated Theory and First Order Shear Deformation Theory are also presented. 
In Chapter 3, experimental study of effects of ballistic impacts on thin composite 
laminates is presented. Vibration analysis of damaged and undamaged laminates is 
presented using experimental and Finite Element Methods. Details of ballistic tests and 
Non-destructive evaluation of the impact damages are provided. 
In Chapter 4, an investigation of ballistic damage on thick composite plates is pre­
sented. Experimental procedures adopted, and the results of damage evaluation are 
described. 
In Chapter 5, a model of bullet penetration into composite plate is presented along-
with the finite element study based on the model. 
In Chapter 6, results of this work are discussed and conclusions are drawn from these 
results. .As a sequel to current work, future possible work is also suggested. 
2 
Composites 
Use of composite materials in structural applications is growing very rapidly. Earlier, 
advanced composites were mostly used in the aerospace, defense and sports industries, 
but now they ajre very commonly used in numerous products. There is a great perfor­
mance and economic potential for integrating these materials into commercial markets 
such as the automotive, appliance, sporting goods, agriculture and building markets. 
There are many advantages of using composites in structures, such as; high strength 
and stiffness to weight ratio, improved corrosion and environmental resistance, design 
flexibility, improved fatigue life, and potential reduction of processing, fabrication and 
life cycle cost. Certain properties, such as increased wear resistance and improved acous­
tical, electrical and thermal characteristics, can also be tailored into the composites. 
The demanding requirements of aviation industry, specially the defense applications, 
make the composites as the material of choice, as they offer weight reduction, durability, 
and better fatigue life as compared to metals. 
Two thirds of all advanced composites are used in aerospace applications. There 
are many aircraft parts which are routinely made of composites these days, for example, 
vertical fins, ailerons, spoilers, rudders, elevators, flaps, overhead panels, engine nacelles, 
radar domes, wing to body fairings, wing skins, fuselage sections, space shuttle cargo 
doors, rocket motor castings and jet engine exit vanes. 
Efforts are being made to make the primary structures of the airplanes of composites, 
for example, in Boeing's twin jet 777, nearly 9% of the plane's structural weight consists 
of composites [1]. 
.Availability of modern, automated manufacturing processes and their promise to 
reduce the cost of producing and eissembling parts playing a prominent role in the 
decision to use composites. Another good example of tailoring the composites, is of 
McDonnell Douglas Helicopter's MD Explorer, which has a metallic/composite structure. 
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It has bearing-less, hinge-less, five blade rotor system, which is first of its type. The 
success of flex beam rotor directly relates to controlling the stresses imposed on the 
flex beam through careful design and testing, and it has 50% to 70% fewer parts than 
conventional systems. 
Literature Review 
Problem of damage in composites due to an impact has remained an area of interest 
for a long time. During service, components or parts made out of composites can get 
damage in numerous ways due to an impact of some foreign object. This impact damage 
can mainly be classified into two categories, one as low speed impact damage and the 
other as high speed impact damage. 
An extensive research has been done over last two decades in case of low velocity 
impact on composites and numerous publications can be found on the subject, where 
researchers have studied such damages using many different approaches to the problem. 
High velocity impact damage in composites, on the other hand, is still an area where 
little research has been done and needs further investigation. Very limited information 
can be found in literature on this subject. It is a complex problem and the study of 
damage phenomenon due to high speed impact is just starting. 
Impact takes place when some object hits the test piece or component. In real 
life situations, the magnitude of the impact, approach velocity of the impactor, rate of 
deformation and the duration of the impact is rarely defined or known. High velocity 
impact damage in composites, specially on aircraft structures, is the area of interest of 
this study. Impact could be a result of a drop weight, accidental hit, for example, tow 
truck hitting an aircraft wing or some other part, or it could be due to a hit by bullets 
in a combat, or can be just a bird hit during flight or on the runway during take off 
or landing. Lot of debris are present in the space which poses a potential danger to 
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orbiting satellites and space shuttles. NASA is particularly interested in hyper velocity 
impact on space structures due to these space debris. 
Design engineers have to keep all these possibilities in mind and guard against failures 
due to such eventualities. In case of such impacts, maintenance and repair engineers have 
to come up with a scheme to restore the affected part either by repairing or replacing it 
completely. 
As mentioned earlier, effects of low velocity impact on composites has been the focus 
of attention of most of the researchers. Numerous studies and published papers can 
be found on the subject where in most of the cases, damage is induced by free falling 
objects from certain heights. Some of the work done in the area of impact damage in 
composites, is briefly described in the following paragraphs. 
Jih and Sun [2] proposed a method of predicting delamination in composite laminates 
for low velocity impact with heavy impactors. They used static delamination fracture 
toughness to predict delamination crack growth. 
Soutis and Curtis [.3] presented the results of experimental studies concerned with 
impact and post impact compression damage and failure of composites, in order to pre­
dict their residual strength. They found the distribution, determined from sectioning, 
of impact damage through the thickness, was roughly cylindrical in shape. Cross sec­
tion of the overall damage was found to be approximately circular, determined through 
ultrasonic C-scan images and X-Ray shadow radio-graphs. 
VVu and Sun [4] studied the low velocity impact damage in composite sandwich 
beams. They found local yielding of the core, matrix cracking and delamination in the 
face laminate as the major modes of failure. 
Zhou [5] investigated damage mechanisms in composite lamination impacted by a 
flat-ended impactor. He subjected thick glass fiber reinforced laminates to low velocity 
impact with a flat ended impactor. Post impact examination of damage was carried 
o 
out by visual inspection, diametric cross sectioning and ultrasonic C-scanning. Impact 
behavior was found to be dependent on the impact force or incident kinetic energy. 
Delamination, fiber shear out and fiber fracture were found to be the predominant 
damage mechanisms in absorbing incident kinetic energy and controlling the load bearing 
capabilities of the laminates. 
Benzeggagh and Benmedakhene [6] investigated the effects of low velocity impact on 
residual strength on Glass/Polypropylene composite. Even with few or no apparent zone 
of damage, impact created damage which induced an appreciable reduction in mechan­
ical properties. They evaluated damage through measurements of elastic modulus and 
Poic-son's ratio in tensile tests. To identify the source of damage, .A.E and microscopic 
observations were made. 
VVanh and Vu-Khanh [7] investigated low velocity impact on Carbon fiber/PEEK 
cross-ply laminates. They concluded that, considering the thermal residual stress and 
the crack constraining effect, extension of transverse crack could not be predicted by the 
Strength of Material approach. The impact induced delamination could be characterized 
by the crack arrest concept of fracture mechanics. 
Hitchen and Kemp [8] studied the effect of stacking sequence on impact damage in 
a Carbon/Epoxy composites. They found delamination as the major form of damage, 
which initiated at almost every interface through the pajiel. They analyzed the energy 
absorbed in terms of an initiation and a propagation energy. The energy absorbed in 
delamination initiation was influenced by the stacking sequence, which increased when 
45 degree fibers were placed in the surface plies and also by increasing the number of 
dissimilar interfaces. The residual energy absorbed in delamination propagation was 
found to increase linearly with increasing total delamination area. They related the 
compression after impact strength to maximum delamination area. 
Leicy, Hogg and Kemp [9] studied the impact performance of thermopleistic and 
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thermo setting matrix carbon fiber composites at different temperatures. They used two 
different level of impacts, one was at high energy where full penetration of the specimen 
took place, and the other was low energy impact where damage was introduced but 
the plate did not rupture. They found that the test temperature had little influence 
on through penetration impact results, although high temperature testing does increase 
the spread of delaminations in epoxy laminates subjected to low energy impact tests. 
Ramkumar and Chen [10] presented an analysis to predict the response of anisotropic 
plates to low velocity impact by a rigid object. They used the computed plate response 
due to impact to predict initial failures, including back surface fiber/matrix failures 
directly below the impact site and internal delaminations. 
Parasad. Ambur and Starnes Jr. [11] developed an analytical procedure to determine 
the transient response of simply supported rectangular laminated composite plates sub­
jected to impact loads from air propelled or dropped weight impactors. The impact force 
was modeled as a locally distributed load. They compared the results of experiments 
and analytical study for quasi-isotropic laminates, which emphasizes the importance of 
including transverse shear in deformation effects in the analysis. 
Metals under impact, generally deforms elastically, then plastically leaving perma­
nent indentation on the material. On the other hand, composites undergo a multi mode 
failure where the impacted energy is transformed into matrix yielding and cracking, de-
lamination, fiber cracking and pull out or a complex mixture of these failure modes. 
Since each of these forms of failures is difficult to model analytically, their interaction 
produces extreme mathematical difficulties for modeling the damage. Thus the whole 
concept of mathematically modeling failure mechanisms in composites, is a very difficult 
task. However there are certain aspects which must be considered while looking at the 
impact problems in composites, for example, inertia effects must be considered in all 
the governing equations, based on the fundamental conservation laws of mechanics and 
physics. Role of stress waves propagation in the analysis of the problem and the fact that 
such impact event is a transient phenomena, must be realized. A detailed discussion on 
impact can be found in reference [12, 13]. 
Solution to impact problem can be broadly approached by following three methods: 
1) Purely empirical approach, where large ajnount of experimental data needs to be 
obtained and correlated. 
2) Development of engineering models to simulate impact events. 
3) Discretization method, where structure is broken into small elements and the funda­
mental laws of physics are applied to each element. 
All the work in the field of impact dynamics is founded on three fundamental conserva­
tion laws, that is conservation of mass, conservation of momentum and conservation of 
energy. When an impact takes place on a composite plate, the energy is dissipated by 
two bcisic mechanisms: 
1) Material deformation 
2) Creation of new surfaces 
Deformation occurs first and if the impact energy is large enough, cracks may initiate 
and propagate, thus actuating the second energy absorbing mechanism. 
Yigit and Christoforou [14] investigated the impact dynamics of composite beams, 
subjected to transverse impact. They used a linearized contact law based on an elastic-
plastic contact. 
Lee and Sun [15] presented a quasi-static penetration model for composite laminates. 
They used a blunt ended penetrator for the impacts. A series of static punch tests were 
performed to characterize the load displacement relation during penetration. The dam­
age mechanisms were identified by enhanced X-radiography and microscopic observation 
on sectioned specimens. The major damage modes were found to be delamination and 
plugging. 
s 
Jenq and Mo [16] studied the ballistic impact response of 3D two step braided 
textile composites. They used the same approach as was used by Sun, of using quasi-
static punch test to obtain the load displacement curves. An energy consideration was 
applied to predict the residual or terminal velocity of the projectile. 
.A.very and Porter [17] compared the ballistic impact response of advanced fiber 
composites and metals. Also, a comparison was made of the available residual ten­
sile strength and damage size. They found that both metal and fiber composite panels 
lose a significant percent of their undamaged tensile strength when impacted with small 
arms projectile. In case of composites the percent reduction was greater than the metals. 
Husman, Whitney and Halpin [IS] presented a method of residual strength char­
acterization of Laminated composites subjected to impact loading. According to their 
findings, for velocities which are less than the penetration velocity, residual strength can 
be predicted as a function of kinetic energy of impact by executing two experiments, that 
is, a static tension test on an unflavved specimen and a static tension test on a coupon 
made from a plate previously subjected to a single point impact. They concluded that 
the impact strength of composite materials is strongly influenced by the strain energy 
to failure of the reinforcement. 
Greszczuk [19] studied the response of isotropic and composite materials to particle 
impact. He determined the damage mechanisms in isotropic and composite materials 
by following three steps: 
1) Determination of time dependent surface pressure distribution under an impacting 
particle, 
2) Determination of internal stresses in the target caused by the surface pressure, and. 
3) Determination of failures modes in the target caused by internal stresses. 
The pressure distribution under an impacting particle was obtained by analytically com­
bining the dynamic solution to the problem of impact of bodies with the static solution 
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for the pressure between two bodies in contact. After finding the time dependent surface 
pressure, the internal stresses were determined for composites using finite element code. 
Internal stresses were expressed in terms of target and projectile properties, impact 
velocity and impactor shape. 
It is observed that high velocity impact generates extensive damage in carbon fiber 
composites. At low and intermediate energies, damage is incurred by both the matrix 
and fibers, as a combination of delajiiination, matrix cracking and fiber fracture [20]. 
Damages due to low velocity impact are often not visible on the surface of the target. 
They are a combination of internal delamination and inter-ply cracking [21]. 
At sufficiently high energies the projectile may perforate the composite target re­
moving in the process a shear plug. At these energies, damage is usually extensive and 
results in greatest reduction in residual strength [20]. 
Under high velocity, impact energy is dissipated in a number of mechanisms, these 
include elastic flexure, vibration, contact deformations, stress wave propagation and 
fracture mechanisms such as delamination and shear out [22]. 
Several parameters influence the damage in composites due to ballistic impacts, these 
factors can be divided mainly in following two categories: 
1) Ballistic parameters, which include impact velocity, impact angle, diameter of the 
impactor, mass of the impactor ajid shape of the impactor. 
2) Material Parameters: It includes fiber orientation of the surface ply, stacking sequence 
of the laminate, thickness of the laminate, material properties of the composite. 
Carbon fiber reinforced composites, when ballistic-ally impacted, essentially behave in an 
elcistic manner below the penetration threshold, but when the velocity of the projectile 
is increased above the threshold the behavior is increasingly inelastic. The back surface 
is generally more severely damaged than the front surface [23]. 
10 
The impact resistance is affected by fiber strength and modulus and increases with 
increasing fiber strength and decreasing modulus [24]. 
Broutman ajid Rotem [25] found that composites with higher fiber strength result in 
better impact resistance. 
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CHAPTER 2 THEORY 
Introduction 
Composite materials are made of two materials, one is reinforcement material called 
fiber and the other is known as matrix material. The stiffness and strength of fibrous 
composites come from fibers which are stiffer and stronger than the same material in 
bulk form. Some forms of graphite fibers are 5 to 10 microns in diameter, and they 
are handled as a bundle of several thousand fibers. The matrix material keeps the fiber 
together, acts as a load transfer medium between fibers, and protects fibers from being 
exposed to the environment. Matrix materials have their usual bulk form properties 
whereas fibers have directionally dependent properties. 
A lamina or a ply is a typical sheet of composite material. It represents a fundamental 
building block. A fiber reinforced lamina consists of many fibers which are embedded in a 
matrix material. These fibers can be continuous or discontinuous, woven, unidirectional, 
bidirectional or randomly distributed. 
Matrix material can be metallic, or a non metal like thermo set or thermoplastic 
polymer. Unidirectional fiber-reinforced lamina exhibit the highest strength and modu­
lus in the direction of the fibers, but has very low strength ajid modulus in the transverse 
direction. 
A single lamina is too thin and weak to be used in any application, therefore many 
layers are stacked together to form a laminate of desired stiffness. Different layers can 
be stacked in different directions in laminate, and the sequence of orientations of layer 
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is termed as stacking sequence. 
As mentioned earlier, properties of composites axe directionally dependent, therefore 
a brief account of anisotropic elasticity is presented in this chapter. 
Dimensions of composite laminates are generally of one to two orders of magnitude 
larger than their thickness, and often they are used in applications that require axial 
and bending strengths. Therefore, composite laminates are treated as plate elements. 
In the following sections, classical laminate plate theory and the shear deformation 
theory is also explained briefly. There are number of books available on mechanics of 
composites, Lamination theory and elasticity. For detailed discussion and development 
of the equations, presented in the following sections, please refer to [26, 27. 28. 29]. 
Following topics are presented in this chapter: 
1) -Anisotropic Elasticity 
2) Classical Laminated Plate Theory 
3) First Order Shear Deformation Theory 
Anisotropic Elasticity 
A material is said to be anisotropic, if its properties are different in different direc­
tions. 
The Green strain tensor E, in terms of displacement gradient is defined as: 
E = i[(I + vu)(I + vu^ - I] 
= ^[Vu + (Vu)^ +Vu(Vu)^] (2.1) 
Where u is the displacement, I is the identity tensor and T is the transpose. The 
rectangular Cartesian component form of the Green Strain tensor E, defined in Equation 
2.1, is given by: 
13 
Eik = jl(i,v + + ^ ) - •'i'l 
_ 1 d u j  duk dUm dum . 
2 ^  5Xfc d X j  d X j  d X k '  ^  ^  
If the displacement gradients are so small, that | u,j |<< 1 and that their squares 
and products are negligible compared to |u,j|, then the Green Lagrange strain tensor in 
above equations, reduces to the infinitesimal strain tensor. 
e = ^[(Vu) + (Vu)^] (2.3) 
or in Cartesian component form 
1, dui dui, 






_ dui du3 
713 = 2ei3 — (-T 1- —) 
5x3 dxi 
f9u2 , du3 
7a = 2£23-(^ + gj^) (2.0) 
Where jij denote the engineering shear strains. Equations characterizing the individual 
material and its reaction to applied loads are called the Constitutive Equations. In an 
anisotropic body, material properties are different in different directions, which means 
that material properties are directionally dependent. material body is said to be 
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ideally elastic when the body recovers, under isothermal conditions, its original form 
completely upon removal of the forces causing deformation, and there is one-to-one 
relationship between the state of stress and the state of strain. The generalized Hooke's 
relates the nine components of stress to the nine components of strain as 
c.j = Cijki^ki ('--fi) 
Where Cki are the infinitesimal strain components, (T,y are the Cauchy Stress components 
and Cijki are the material coefficients. The nine equations in 2.6 contain SI material 
coefficients. However, due to the symmetry of strain tensor, that is tki = it can be 
written: 
Cijkl ~ Cijlk 
Which reduces the number of independent Cijki from 81 to 54. Similarly, in case of 
symmetric stress tensor, that is, = (Tj,- as a consequence of this symmetry material 
coefficient matrix can be written as 
Cijki — Cjikl 
Which further reduces the number of independent material coefficients by IS. Thus, 
for the general ca^e of a linear elastic body a maximum of 36 material coefficients are 
needed. Furthermore, with the assumption that the concept of elasticity is associated 
with the existence of a stored energy function U{eij), we can write 
Cijki ~ Cklij 
which reduces the number of elastic coefficients from 36 to 21. Thus , for an anisotropic 
elastic body for which the strain energy density function exists, there are 21 material 
constants. Equation 2.6 can be expressed in the following convenient form using the 
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siagle-subscript notation for stress and strain components and double-subscript notation 
for the elastic constants: 
or 
O-l Cn C12 C\3 Cl4 Cl5 Ci6 ei 
(72 C21 C22 CO
 
C24 ^*25 C26 ^2 
0-3 C31 C32 C33 C34 C35 C36 
i 
^3 
0-4 C41 C42 C43 C44 C45 ^46 ^4 
0-5 C51 C52 C53 C54 C55 C56 £5 
0*6 Cei C'62 ^^63 Ce4 Ces C'ee 
(2.7) 
(2.S) Ci — CijCj 
where are the elastic coefficients, and 
~ 0'33i0'4 = = CriSiCTe = 0'12 
= Cllr ^ 2 = ^22? ^ 3 = £33, £4 = 2e237 ^5 = Scn, CQ = 2£i2 
The two subscript components Cij are obtained from Cijki by the following change 
of subscripts: 
11 —>• 1,22 —^ 2,33 —3,23 —y 4,13 —>• 5,12 —y 6 
If the material has single plane of symmetry, then it is called monoclinic material 
and the elcistic coefficient matrix has only 13 independent coefficients. 
[C] = 
Cu Ci2 Cl3 0 0 C'le 
C12 C22 C23 0 0 C26 
Ci3 C23 C33 0 0 C36 
0 0 0 C44 C45 0 
0 0 0 C45 C55 0 
Cl6 C26 C'36 0 0 C'ee 
(2.9) 
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Whenever three mutually orthogonal planes of elastic symmetry for a material exists 
the material is said to be orthotropic. In this case, the coefficient matrix in Equation 2.9 
is further simplified and the number of independent elastic constants is nine. The stress-
strain relations for an orthotropic material take the form: 
O"! Cn C12 Ci3 0 0 0 ei 
0"2 C12 C22 C23 0 0 0 ^2 
0-3 C23 C33 0 0 0 
i 
£3 
0-4 0 0 0 C44 0 0 
0-5 0 0 0 0 C55 0 £5 
0-6 
\ y 





A material is said to be transversely isotropic if it is invariant with respect to an 
arbitrary rotation about a given axis. A transversely isotropic material is a special case 
of an orthotropic material. In this case the material coefficient matrix in Equation 2.10 
further reduces to 
Cn C12 Ci3 0 0 0 
C12 Cii Ci3 0 0 0 
Ci3 Cl3 C33 0 0 0 
0 0 0 C44 0 0 
0 0 0 0 C44 0 
0 0 0 0 0 Cee 
where, Cee = ^{Cn - C12) 
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Thus, there are five independent constants that characterize transverse isotropy. 
An isotropic material has an infinite number of planes of elastic symmetry and the 
elastic moduli are independent of the orientation of the coordinate system. The number 
of independent elastic coefficients in this case reduces to 2. Equation 2.6 for this case 
can be written as: 
<T,j = 2fiCij + XSijtkk (2-12) 
Where A and jj. are the Lame elastic constants and is the Kronecker delta. The Lame 
constants are related to the shear modulus G, Young's modulus E and Poisson's ratio u 
as follows 
E 
^ 2(1+ t/) 
A_ { l  +  u ) i l - 2 u )  
and in forms of coefficients C,j 
C i i  = C22 = O 3 3  = A + 2/j. 
C\2 = Ciz = C2Z — A 
^44 — ^55 — ^66 
and all other Cij are zero. 
Classical Laminated Plate Theory 
The classical laminated plate theory is an extension of the classical plate theory in 
which following assumptions are made: 
(1) Straight lines perpendicular to the mid surface remain straight after deformation. 
(2) The transverse normals do not elongate. 
(3) The transverse normals rotate but remain perpendicular to the mid surface after 
deformation. 
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The first two assumptions imply that the transverse displacement is independent 
of the transverse coordinate and the transverse normal strain is zero. The third 
assumption results in zero transverse shear strains i.e. txz = (-yz = 0-
In formulating the theory, in addition to the above fundamental assumptions, fol­
lowing assumptions are made: 
1) The layers are perfectly bonded together. 
2) The plate is thin, and the thickness is much smaller than the other two dimensions. 
3) The material of each layer obeys Hooke's law and is orthotropic. 
4) Each layer is of uniform thickness. 
•5) The strains and displacements are small. 
6) The transverse shear stresses on top and bottom surfaces of the laminate are zero. 
StrEun Displacement Relationship 
Displacements can be written in the following form: 
u { x , y , = , t )  =  U o { x , y , t )  -  z - ^  
x ] { x , y , z , t )  =  V o { x , y , t )  -  z - ^  
d y  
w { x , y , z , t )  =  W o [ x , y , t )  (2.13) 
Where Uo and Vo are the in-plane displacements of the mid plane. and are the 
rotations o f  t h e  t r a n s v e r s e  n o r m a l  a b o u t  t h e  g l o b a l  y  a n d  x - a x i s  r e s p e c t i v e l y ,  w h e r e a s  t  
refers to time. Using the above displacement field, linear strains can be easily computed 
from this displacement field, and those strains are, 
2 ^ d x j  d x i '  
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or 
= Lrx — '-xr 
— ^ _L /-» Cjfy ^yy i" -t^yy 
try — e^y -f^xy 
o _ ^  o _ ^  o _ ^  
^rx ~ i3_ ' ~ a f^xv a.. ^ 5j/ 5x 
5^u;o 5^u;o , _ 
^xar ~ 1 ~ 2 ' ^ y *• Ci. 5x2 ' ~ dxdy 
Where are the mid-plane strains and k are the mid plane curvatures. 
(2.14) 
(2.15) 
Constitutive Relations for a Lamina 
The in plane linear constitutive relations for the orthotropic lamina in the principal 
material coordinates of a lamina are: 
(2.16) 
o-i Q i i  Q I 2  0 ei 
0"2 y = Q I 2  Q22 0 < ^2 
0 0 Qee £6 k J 
The above relation holds for material coordinates (1,2,3,). Here 1 is along the fiber, 
2 is in the transverse direction and 3 is out of plane direction as shown in Figure 2.1. 
The Qij terms in Equation 2.16 are related to engineering constants as: 
El Qn — 
Qi2 = 
1 — i/i2t'21 
U12E2 1^21 El 
1 — U12U21 1 — 1^121^21 
E2 Q22 = 
1 — ^'12^21 
Qm = <^'12 
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Figure 2.1 Global and local coordinates for a lamina 
Since a laminate is made by stacking of many lamina in different orientations from lami­
nate or global coordinates, the constitutive equations of each layer must be transformed 
to the laminate coordinates (x,y,z). Following transformation is used to get stresses in 
material coordinates from global coordinates. 
f 
o-i CosH Sin^9 '2Cos6Sin9 Cz 
0"2 > = Sin^O CosH —2Cos6Sind Cy 
0-6 
»  J —CosOSind CosOSind Cos^e - Sin'^d Oxy * * 
Following equation gives stress-strain relation for an orthotropic lamina referred to ar­
bitrary axis: 
* 
0"x Qn Qi2 Qi6 
. = Qi2 Q22 Q26 < 
O'ry 
\ • Qi6 Q26 Qee % * 
Where [Q] = m-'[(5][T] 
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and 
Qii = QnCos^Q + 2(^12 + '2Qse)siTt^6cos-9 + Q22sin'^6 
Qi2 = (<511 + Q22 - 4Qe6)sin^9cos^9 + Qi2icos'^d + sin'^0) 
Q22 — + '^QI2 + 2Q66)sin^6cos^9 + Q22Cos'^9 
Qi6 ~ { Q w  Q22 ~ '2QQG)sin9cos^9 + (Q12 ~ Q22 + '2QeQ)sin^9cos9 
Q26 ~ (^11 ~ QI2 ~ 0(^039 + {QI2 ~ Q22 + '2QeQ)sin9cos^9 
Qm = iQn + Q22 — 2Qi2 — 2Qe6)sin^9cos'^9 + Qe6{cos'^9 + sin'^9) (2.19) 
Equations of Motion 
The equations of motion for a composite plate can be derived either by using en­
ergy methods or by using Newton's Laws of motion using vector mechanics approach. 
Following equations of motion are obtained using the principal of virtual displacements. 





xy _ , "o _ r " 




dy dt^ dy 
(2.20) 
(2.21) 
5 2 ,  .^dhVIxy ,  d^'Myy 
+2-
d^ d^Wo , d^Wo^ , r d^ ,duo , dvo, 
-9 = /o-^-/2^(^-r+-7rr)+A^(ir-+^) (2.22) dx'^ ~ dydx dy'^ df^ dt^ dx'^ dy^ dt"^ dx dy 
Where q is the distributed load, the terms involving /, called rotary inertia terms 
{lo^h^h) are the mass moments of inertia, Ni and Mi are the forces and moment 
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[po is the density of the plate material) 
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Boundary Conditions 
The boundciry conditions of the classical laminated plate theory are: 
Un, U5, Wo, (essential) 
-^ ^nn 1 Nns, Ki, Mnn (natural) 
where = urij. + vriy; u, = vUx — uriy 
dwo „ 9u/o 1 _ dWa 
an ~ dx "•y dy 
xVn„ — ^yy^y ~^xy^x^y 
^na ~ ^xx^r^y ~i~ ^yy^x^y "1~ ^xyi^^x 
~ ^ ^ix^x ^^yy^y ^^^xy^x^y 
^Ins — ^fxx^x^y "i~ ^iyy^x'^y ~t~ ^^xyi^^x ^y) 
V = O 4- ^Moi Vn — Vn ^ a, 
should be balanced by the applied force Qn- This boundary condition = Qn-
is known as the KirchofF free edge condition, rij. and riy are the directions cosine of the 
unit normal on the boundary of the plate. 
Constitutive Equations for LEuninate 
The resultant forces and moments acting on laminate cross section are obtained by 
integrating the corresponding stress and stress times the moment arm w.r.t. mid plane, 





N y y  =/-J J - - C y y  
Nxy k J ^xy k J 
^ rhk 
^ L t=i 'yy 




/•i f 2  
M y y  (^yy 
2  
Mxy C T x y  k J 
2(jtz 
^ rf^k 









Figure 2.4 Geometry of a laminate 
Geometry of multi layered laminate is shown in Figure 2.4. The stresses in Equa­
tion 2.26 and Equation 2.27 can be written in terms of mid-plane strains and plate 
curvatures using Equation 2.18 and Equation 2.14. 
Nr. 
n /•/it 
Nyy = E i )) 
N 
^11 Q 12 Qi6 
Qn Q22 Q26 







Qii QI2 QI6 kxx 
r^k 
+ / 





Qii Qi2 Qi6 
r^k 
Jhk-I Qi2 Q22 Q26 < ^yy Qi6 Q26 Qee k 
zdz 
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Q i i  Q I 2  Qi6 r\,xx 
+ / 
J h l c - l  
Q I 2  Q22 Q26 < k r \ . y y  > z^dz 
Q I 6  Q26 Qee k kxy 
In above equations, mid-plane strains and plate curvatures remain constant for all 
the lamina and hence can be taken outside the summation sign. The stiffness matrix 
remains constant within a lamina and hence can be taken outside the integration sign. 
Therefore Equation 2.28 and Equation 2.29 can be written as 
yy 




Qn Q 12 *316 
Q i 2  Q 2 2  Q 2 6  
Qi6 Q26 Qee 
Q i i  Q  12 Q i6  
Q i 2  Q 2 2  Q 2 6  
Qi6 Q26 Qes 




zdz < k y y  (2.30) 
kxy < ) 
Mxx 





^11 Q 12 ^16 
Q i 2  Q 2 2  Q 2 6  
Qi6 Q26 Qee 
Qn Q12 Q\6 
Q i 2  Q 2 2  Q 2 6  
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N A B e° 
< . . .  » = 
• • • : 
< (2  
M B D k 
The matrices, A.B and D are called the extensional stiffness matrix, coupling stiffness 
matrix and bending stiffness matrix, respectively. 
Equations of Motion in Terms of Displacements 
By substituting mid plane strains and curvatures from Equation 2.15 into Equa­
tions 2.32 and 2.33, the stress resultants {N's and M's) can be related to the displacement 
gradients as 
Nrr ^11 AI2 
1 * 
dx Bn BI2 Bie dx^ 
Nyy 
• = 
Ai2 A22 ^26 < dVn dy • — BI2 B22 ^26 i  
d^w„ 
dy^ . (2.38) 
-416 A26 ^66 dUn dx 
1 dvp 
3y J Bie B2e Bee 
0 9^ Wn 
.  "9xay ^ 
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^Ixx 5ii B I 2 B i 6 duo dx Dn D I 2 Die 
d ^ W n  
dx^ 
M y y  
• = 
B I 2 B22 B26 < 
dvo 
dy 
y — D I 2 D22 D26 i  d ^ W n  dy^ > (2 
* 
B I 6  B26 Bee dun dx 
1 d v o  
dy Die D26 Dee 
0 W o  
" dxdy 
The equations of motion can be expressed in terms of displacement (uo,t'o,u;o) by 
substituting above equations in Equations 2.20, 2.21 and 2.22. 
. . , fd'^Uo , d'^Vo ^ 
ai;3- + -^) 
.4.(1^)+ .43s(fe + .4,^(1^+ fe) dx'^ ' 9x5y dxdy dx^  
- ^ 26(1^) - 2566(^^) dxdy"^' '  dx '^dy '  
dx '^dy '  dy' dxdy^ 
d^Vo S^Wo 






' dx^dy"^ dx^dy '  
'^dx-'dy ^^^dxdy^' dxdy^ dx^dy' 
-2D,,^ - 2C,e(—) - 4Dm(. ^'°° ) 
^ ^^^dxdy^' ^^dx'^dy^' 
I B r ) I B I B I ) 
-Dn-^ - DM—) - mel—} + 1 
'^dx^dy^ dy' ' 9 
^ d^Wo r d^ d^Wo , d^Wo^ , ^ d^ ^duo , c^Uo^ 
First Order Shear Deformation Theory 
In this theory, as the name suggests, shear deformation is also included, and one of 
the assumptions from classical theory is removed that is the transverse normals do not 
remain perpendicular to the mid surface after deformation. Under the same assumptions 
and restrictions as in the classical theory, the displacement field of the first order theory 
can be written as 
u ( x ,  y , z , t )  =  U o { x ,  y ,  t )  +  r 0 x ( a : ,  y ,  t )  
v { { x , y , z , t )  =  V o [ x , y 4 )  +  z 4 > y { x , y , t )  
w{x,y,z,t)=^Wo{x,y,t) (2.43) 
Where (Uq, ^o, <Pr. 4>y) are unknown functions to be determined, (uq, Vo. Wq) denote 
the displacement of a point on the plane z=0, 0r and 4>y are the rotations of transverse 
normals about the y and x axis respectively. 
Strain Displacements Relations 
Mid plane strains and curvatures can be computed in terms of displacements from 
the displacement field of Equation 2.43 as 
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.o ^ ^  
dx 
^  dy 
o _ dx  ^
dy dx  
dwo 
_ d w o  




__ dOr doy 
e°_, = /v,, = K^, = = 0 (2.44) 
Equations of Motion 
Equations of motion can be derived by principle of virtual displacement, in a similar 
way as was done in classical theory. 
dNr^ , dN::y , d'^Uo . ^ d'^ (t>r 
dNry d N y y  _  dh^o Q .  
"dT^'W " dt^ dt^ 
d Q y  , _ r /.^ ^-N 
dx ^  dy "  dt^  ^  
C>M„ dM^ _r^' '<(>r r d'^Uo 
O  —  [  I I  f'"* 19 1 
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Qx and Qy are called the transverse force resultants and defined as 
Qr 
i  II II 
* 
^55 •445 





\  * 
^445 .444 J 
K is the shear correction factor. 
(2.50) 
A,i = KiifJjQiildz 
^ i j  ^ k — l )  
k=l 




u„, Us, Wo, 0r, (i>s (essential) 
yVnj, Qm (natural) 
Laminate Constitutive Equations 
For first order theory, equations of classical plate theory are valid and only following 
equations need to be added into Equations 2.32 and 2.33 for shear deformation. 
(2.53) 
Equations of Motion in Terms of Displacements 
As was done in CLPT, mid plane strains and curvatures from Equation 2.44 are 
substituted into Equations 2.32, 2.33 and 2.50. Then the stress resultants N's and 
M's and the force resultants Qi and Qy are substituted into equations of motion 2.45 
through 2.49. which yields the following, 
Q. ^55 ^45 ] dwn dx + 
< > = ^ > ' 
Qy 
\ / 
^45 A44 J dwr, + 
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^ , d^Vo , , , dH'o, 
a?"' •*- +1 '^ 
d'^ Uo . , d'^ Vo , , 5^Uo . 
W + ajs" + sF 
d''ci>r o aVy „ ,^Vr ^'0y . 
T~Ql6 a + £>26 o •, + Oeel. Q •, + a - j 
a x a j /  o y ^  o y a x  
d'^Uo , 
~ —r if dt^ ' dt^ 
d^U &^V &^XL d^v 
dx^ ' ^^^^dydx' ^  ^ ^^^dydx dx^ ' 
fji^ XL ci^ 'v di^ ii d'^ v 
^Axoi—^] + .422—^ + Aor(—^ + ^ ) 
c/ i5y  5j /2  5 j /^  dxdy 
I ^ 1 R I /? I 1 + 012 X .-> + 022 .-> 2 + "26l ^ 2 "• •-) i 
oxay at / '^  ay^  axay 
_ r ^ , I-
° dt^ dt^ 
a^u;, ^0^ d '^w, dcf>y 
+ ir> + 
,d^Wo d<j>x ,d^Wo d<f)y. 
+ a7' + ^ ''-W ' 
_ 5^u;o 
"* 'o 'O 5^2 
11 + Bi2 








R I R Oie'TT-x—I- D26-:7-7 











+ b=,(?2? + 
dx^ 
d^v. 
dy^ dxdy ) 
;32 
oxoy ay^ ay^ axay 
. ,dwo , , . ,dwo . . 
- r a- T (•-) — 
^ dt^ ^ dt^ 
ax^ ayax ayox ox^ 
+ 0.^+0.e|^ + 0=s(|^ + ^ ) 
ax^ ayax axay ax^ 
I  R  ( ^ 1 R I B I )  
axay aj/^ ay^ oxoy 
dwo , . . ,dwo , , , 
~ + <?r) ~ •'^441 + Oy) 
^ dt^ ^ dt^ ^ 
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CHAPTER 3 EFFECTS OF BALLISTIC IMPACT ON 
THIN COMPOSITE LAMINATES 
Introduction 
As mentioned earlier in the previous chapter, very little information is available 
on the effects of ballistic damage on composite laminates. Therefore, an experimental 
study was undertaken to investigate the effects of ballistic damage on composite plates. 
In the first phase of this study, thin laminates made up of up to 16 layers of uniaxial 
Graphite/Epoxy prepreg were used. The approach adopted was to use vibration analysis 
cis a method of characterization of damage. Finite Element method was used to calculate 
natural frequencies of the plates before damage. Natural frequencies of all the plates 
were measured experimentally before and after the damage. In quasi-isotropic plates, it 
was found that natural frequencies decrease for few lower frequency modes and increase 
for some of the higher frequency modes and cross-ply laminates exhibit very little effect 
on the natural frequencies due to damage. Visual inspection and ultrasonic C-scans were 
also performed on damaged plates. In all plates, damage was observed more on the exit 
surface than the entry surface of the plates and was maximum in the outer ply along 
the fiber direction. Also, ultrasonic C-scans show that the actual damaged area is more 




In the present study, a totai of nine 8 inch by 8 inch composite plates were made. 
These nine plates can be divided into three groups, where each group has 3 identical 
plates. Each plate was designated by a number for identification purpose. Stacking 
sequence, total number of plies, laminate thickness and identification number for each 
plate is shown in Table 3.1. First group, which comprises of plates Pi, P2 and P9. is 
quasi-isotropic and is made of 16 layers. The second group is similar to the first group, 
except that it is made of only eight plies, which means that it heis half the thickness 
of first group. This group was chosen in an attempt to see the effects of thickness on 
the damage due to bullet impacts. The third group, comprising of plates P6, P7 and 
PS, is cross-ply and made of 16 layers. These plates were chosen to study the effects of 
stacking sequence on the damage caused by bullet impacts. All the plates were made 
from Graphite/Epoxy prepreg. Laminates were cured in the autoclave under SO psi 
pressure in vacuum bag. Temperature of the autoclave was raised slowly to 350° F and 
kept at that temperature for four hours, then it was allowed to cool down to room 
temperature slowly thus following the complete cure cycle. 
First of all. Finite Element method was used to calculate natural frequencies of the 
three types of plates. Mode shapes were found and nodal lines were located. The results 
provided the guidelines for the experimental measurement of frequencies in the lab. 
Table 3.1 Plates specifications and identification numbers 
Stacking Sequence Thickness (in) Identification No. 
[(0/90/±4o)j], 0.08 PI, P2, P9 
(0/90/ ± 4o)s 0.04 P3, P4, P5 
[(0/90),]. 0.08 P6, P7, PS 
35 
Finite Element Model 
ANSYS5.3 was used to calculate natural frequencies of the plates using free-free 
boundary conditions. Element Shell 91 was used, which has the capability to model up 
to 16 layers of composites. It is an eight noded element with 4 comer and 4 mid-side 
nodes. The model hcis 525 elements and 1000 nodes. The mode shapes and nodal lines 
are shown in Figure 3.1 through Figure 3.16. Only first eight modes of [(0/90/ db 45)2]a 
and [(0/90)4]3 are presented here, since mode shapes of (0/90/ ± 45), are similar to 
[(0/90/ ± 45)2)3, those are not presented here. Only frequencies from .A.NSYS with the 
experimentally measured frequencies axe given in Table 3.3. 
ANSYS 5.3 
JUN 7 1997 
20:10:34 




























Figure 3.1 Mode 1 for [(0/90/ ±45)2], 
36 
ANSYS 5.3 
JUN 7 1997 
20:10:45 




























Figure 3.2 Mode 2 for [(0/90/ ±45)2)5 
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Figure 3.3 Mode 3 for [(0/90/ ± 45)2]a 
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Figure 3.4 Mode 4 for [(0/90/ ±45)2)3 
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Figure 3.5 Mode 5 for [(0/90/ ± 45)2]5 
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Figure 3.6 Mode 6 for [(0/90/ ± 45)2]a 
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Figure 3.7 Mode 7 for [(0/90/ ± 45)2], 
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Figure 3.8 Mode 8 for [(0/90/ ± 45)2]a 
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Figure 3.9 Mode 1 for [(0/90)4], 
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Figure 3.10 Mode 2 for [(0/90)4], 
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Figure 3.11 Mode 3 for [(0/90)4], 
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Figure 3.12 Mode 4 for [(0/90)4], 
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Figure 3.13 Mode 5 for [(0/90)4]s 
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Figure 3.14 Mode 6 for [(0/90)4], 
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Figure 3.15 Mode 7 for [(0/90)4)5 
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Figure 3.16 Mode 8 for [(0/90)4], 
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Vibration Analysis 
Vibration analysis of the plates was carried out in the lab and natural frequencies 
of each plate was measured. Free-Free boundary conditions were simulated by hanging 
the plates freely with a very thin piece of thread. A transducer was mounted on one 
of the corners of the plate and data was recorded after exciting the plate. Great care 
was taken to avoid the nodal lines while placing the accelerometer and e.xciting the 
plates. Theoretically predicted mode shapes were used to make this decision. Plots of 
the recorded data are given in Figure 3.17 through Figure 3.25. Each peak in these plots 
provides the natural frequency of the plate. All the measured frequencies along with 
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Figure 3.25 Frequency plot for plate P8 with stacking sequence [(0/90)4], 
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Table 3.2 Natural frequencies of plates with stacking sequence [(0/90/ ±4o)2]s 
PI P2 P9 ANSYS 
165 165 165 167 
306 312 312 302 
367 358 360 359 
450 450 455 452 
488 479 482 487 
809 804 806 824 
875 872 888 859 
943 960 990 963 
Table 3.3 Natural frequencies of plates with stacking sequence (0/90/±45)5 
P3 P4 P5 .A.NSYS 
61 60 64 68 
144 146 147 149 
175 180 178 195 
201 203 201 200 
231 232 238 239 
367 368 354 367 
401 405 405 411 
442 438 459 
Table 3.4 Natural frequencies of plates with stacking sequence [(0/90)4]s 
P6 P7 P8 ANSYS 
98 98 95 112 
323 327 326 ^ 326 
365 368 363 384 
396 400 396 396 
437 437 438 444 
640 645 643 679 
868 873 870 896 
952 955 955 954 
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Bullet Impacts 
All of these plates were impacted by firing three different types of bullets. Specifica­
tion of the bullets used are given in Table .3.5. Essentially, three different types of bullets 
of different sizes and speeds were chosen to study the effects of speed and the size of the 
bullet on damage. Plates were mounted on a flat wooden panel and the bullets were shot 
at the composite plates. One type of bullet was used for one plate from each group as 
shown in Table 3.5. Damage caused by these bullet impacts was investigated thoroughly 
and different approaches were tried in pursuit of characterizing these damages. 
Table 3.5 Specifications of bullets and impacted plates 
Bullet Dia (in Inches) Velocity(ft/sec) VVt(oz) Energy(ft-lbs) Impacted Plates 
0.284 1929 0.33 1198 P5, P8, P9 
0..357 1464 0.361 752 PI, P3, P6 
0.458 865 0.571 415 P2, P4, P7 
Visual Inspection 
All the damaged plates were visually inspected and photographed, these photographs 
are of different magnification. In plate Pi, a circular hole of 0.335 inch diameter was 
observed at the front surface, as shown in Figure 3.26. It was observed that outer ply 
was peeling off over a length of 1.2 inch in 0° direction around the hole edges, specially 
at the top of the hole. At the back surface of Pi, Figure 3.27 outer ply is bulging out 
all around the hole in an area of 1.3 inch by 0.6 inch. 
Figure 3.26 Front surface of plate Pi Figure 3.27 Back surface of plate Pi 
In plate P9 Figure 3.28, a circular hole of 0.257 inch diameter is measured at the 
front surface, with outer ply peeling off over a length of 0.33 inch from the edge of the 
hole at the bottom. At the back surface of P9, Figure 3.29, outer ply is peeling off in 
fiber direction and a bulging area of 0.665 inch by 0.5 inch is observed around the hole. 
Figure 3.28 Front surface of plate P9 Figure 3.29 Back surface of plate P9 
As can be seen in Figure 3.30, in plate P3, a circular hole of 0.37 inch diameter was 
resulted due to the bullet impact. Very small cracks along the fiber direction, at the 
bottom of the hole can also be observed at the front surface. It is clear from Figure 3.31, 
that the extent of damage is far more at the back surface of P3. Outer ply at the back 
surface is bulging out near the hole along fiber direction and cracks are observed running 
along 0 degree ply in an area of 1.05 inch by 0.525 inch. 
Figure 3.30 Front surface of plate P3 Figure 3.31 Back surface of plate P3 
In plate P5 Figure 3.32, 0.38 inch diameter circular hole is observed at the front 
surface with no other visible damage. At the back surface of plate P5, Figure 3.33, outer 
plies are bulging out around the hole and cracks are running along 0 degree direction in 
an area of 1 inch by 3.42 inch. At the top of the hole, 0 degree ply is delaminated over 
1.85 inch in length from the center of the hole. 
Figure 3.32 Front surface of plate P5 Figure 3.33 Back surface of plate P5 
In plate P6 Figure 3.34, a circular hole of 0.335 inch diameter is measured at the 
front surface. At the back surface of P6, as shown in Figure 3.35 a bulging area is there 
around the hole. Outer ply is peeled off in 0 degree direction in an area of 1.77 inch by 
0.58 inch. 
In plate P8 Figure 3.36, a circular hole of 0.39 inch diameter is measured. A 0.61 inch 
line of peeled off fibers is observed at the front surface. At the back surface of PS. 
Figure 3.37, plies are bulging out in an area of 1.665 inch by 0.44 inch. 
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Figure 3.34 Front surface of plate P6 Figure 3.35 Back surface of plate P6 
Figure 3.36 Front surface of plate P8 Figure 3.37 Back surface of plate P8 
Vibration Analysis of Damaged Plates 
Vibration analysis of damaged plates was performed as was done earlier on undam­
aged plates. Free-Free boundary conditions were simulated by hanging the plates freely 
with a very thin piece of thread. A transducer was mounted on the plates and data was 
recorded after exciting the plates with a hammer. Several readings were taken by plac­
ing transducer at different locations to ensure that it is not placed on any of the nodal 
lines. Recorded data was processed and plotted. Each peak in the plots give a natural 
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Figure 3.38 Frequency plot after the damage for plate PI with stacking 
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Figure 3.39 Frequency plot after the damage for plate P2 with stacking 
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Figure 3.40 Frequeacy plot after the damage for plate P9 with stacking 
sequence [(0/90/ ±45)2]s 
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Figure 3.41 Frequency plot after the damage for plate P3 with stacking 
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Figure 3.42 Frequency plot after the damage for plate P4 with stacking 
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Figure 3.43 Frequency plot after the damage for plate P5 with stacking 
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Figure 3.46 Frequeacy plot after the damage for plate PS with stacking 
sequence [(0/90)4], 
Results of Vibration Analysis 
Natural frequencies for the damaged plates eire presented in Tables 3.6, 3.7 and 3.8. 
As can be seen in Tables 3.2 and 3.6 for plates Pi, P2 and P9 which are 16 layers quasi-
isotropic laminates, for first four modes, natural frequencies after damage decrease but 
for the fifth mode they increase by 21 and 13 Hz for P2 and Pi respectively, whereas 
they remain unchanged for P9. Again for 6th and 8th mode they decrease for P2 and 
P9 but increases for Pi for 8th mode. Change in frequencies appears to be minimal 
with the exception of 8th mode for P9. It is to be noted that the location of damage in 
all the plates is not same and under the experiment set-up used, it was not possible to 
impact all the plates at the same location. 
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Table 3.6 Natural frequencies of damaged plates with stacking 
sequence [(0/90/ db 45)2]a 
DPI DP2 DP9 
160 160 162 
302 307 307 
350 350 357 
428 430 453 
493 500 482 
748 750 796 
950 951 960 
Table 3.7 Natural frequencies of damaged plates with stacking 
sequence (0/90/ ± 45)3 
DP3 DP4 DP5 
57 57 62 
142 143 144 
167 167 172 
215 215 203 
234 233 237 
364 365 347 
452 455 447 
Table 3.8 Natural frequencies of damaged plates with stacking 
sequence [(0/90)4]3 
DP6 DP7 DP8 
95 95 93 
323 323 325 
364 363 362 
395 395 395 
437 435 438 
638 623 640 
865 865 857 
951 950 952 
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The overall trend in frequency analysis suggests that frequencies, for first few modes, 
of a composite plate decrease after a damage is induced in the plate, but do not follow 
a clear pattern. In some of the higher modes, frequencies may go up as they did in the 
oth mode. 
It can be seen in Tables .3.3 and .3.7, for plates P3, P4 and Po, which are S layers quasi-
isotropic laminates, for first three modes, natural frequencies after damage decrease but 
increase for the 4th and 5th mode, though increase in 5th mode is negligible. They 
again decrease for 6th mode and increase for 8th mode for P3 and P4 only, whereas P5 
remains unchanged. 
.As shown in Tables 3.4 and 3.8, for cross-ply laminates, which consist of 16 layers, 
only plate P7 shows decrease in frequencies, whereas P6 and PS show almost no effect of 
the damage except 8th mode of P8. Area of the damage in P7 is larger than P6 and P8 
and the frequencies suggest that if the damaged area is small than cross-ply laminates do 
not exhibit frequency change and when damaged area increases, then cross-ply laminates 
also start exhibiting the trend of decrease in frequencies after the damage. 
From this analysis, an overall conclusion can be drawn that frequency response of thin 
composite laminates is dependent on stacking sequence of the laminate. All laminates 
exhibit decrease in natural frequencies after the damage for few first modes, then for 
some modes, frequencies may even go up. 
Cross ply laminates show very little effect when the damaged area is small, and as 
the damaged area gets bigger, cross-ply laminates also follow a trend of decrease in 
frequencies. 
Ultrasonic C-scans 
Non-destructive testing of the damaged plates was performed using ultrasonic pulse 
echo method. .All the testing was done at the Center for Non Destructive Evaluation at 
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ISU. A 15 MHz focused transducer vvas used for 2D scans. Transducer and composite 
plates were immersed in a water tank, using water as coupling media. Movement of the 
transducer for scajining was done by precise motors which were controlled by a computer. 
.All the data was recorded and processed by using Sonix software. 
C-scans were done for all the damaged plates over an area of 2 inch by 2 inch around 
the damaged region. Scans indicate that the damage is more than the visible damage. 
Damaged axeas were measured from the C-scans using Sonix software, which has the 
capability to measure any distance on the C-scans images. These results are given in 
Table -3.9 along with the bullets used and the impacted plates. C-scans are presented in 
Figure 3.47 through 3.49. 
Table 3.9 Bullet sizes and the damaged areas 
Bullet size Damaged Areas (sq in 
dia(in) Area (sq in) [(0/90/±45)2], (0/90/ ± 45)5 [(0/90)4], 
0.284 0.063 0.300 0.150 0.308 
0.357 0.100 0.342 0.232 0.445 
0.4.58 0.165 0.665 0..350 1.000 
Conclusion 
It is evident from Table 3.9 that maximum damage was caused by 0.458 bullet on 
all types of plates. This bullet has slowest speed and carries minimum kinetic energy, 
as shown in Table 3.5, but still caused the maximum damage. The reason for this is its 
different shape, which is flat head and its larger diameter. 
Damage caused by 0.357 bullet Wcis more than the damage caused by 0.284 bullet on 
all plates. In this case also, it had less kinetic energy and speed slower than the 0.284 
bullet. The 0.357 bullet's size and shape could be the reason for this as it is bigger in 
size and less pointed in shape than 0.284 bullet. 
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Minimum damage was caused by 0.284 bullet, although it was the fastest and had 
the maximum kinetic energy among the three types of bullets used. The reason for this 
behavior was that it was the smallest in size and was most pointed in shape. Among the 
three types of laminates, maximum damage occurred in cross-ply laminates for all types 
of bullet impacts. 8 ply qua^i-isotropic laminates had the minimum damage, whereas 
16 ply quasi-isotropic laminates had more damage than 8 ply similar laminates. 
These results suggest that damage due to ballistic impacts on thin composite lami­
nates, is strongly dependent on the shape and size of the bullets. It is also dependent 
on stacking sequence of the laminate. In all cross-ply laminates, damage is more than 
the quasi-isotropic plates. Damage is also dependent on the thickness of the laminate, 
being more in thicker laminates. 
P9 P5 P8 
Figure 3.47 2 inch by 2 inch C-scans for plate.s P9[(0/ db 45/90)2]s, 
P5(0/ ± 45/90)4 and P8[(0/90),i]a impacted with 7mm bullet. 
PI P3 P6 
Figure 3.48 2 inch by 2 inch C-scans for plates P1[(0/ ± 45/90)2]3, 
P3(0/ ±45/90), and P6[(0/})0).,1, impacted with 357 bullet. 
P2 P4 P7 
Figure 3.49 2 incii by 2 incii C-scans for plates P2[(0/ ± 45/90)2]s, 
P4(0/ ±45/90), and P7[(0/90).|]a impacted with 45iTiag bullet. 
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CHAPTER 4 EFFECTS OF BALLISTIC IMPACT ON 
THICK COMPOSITE LAMINATES 
In this chapter, an investigation of ballistic impact damage on thick composite lam­
inates is presented. A total of 8 composite plates of 56 plies each were made from 
Graphite/Epoxy uniaxial prepregs. Two types of stacking sequences were chosen for 
this study. In one group, there are four symmetric quasi-isotropic plates having a stack­
ing sequence of [(0/ ± 4o/90)7]3. Whereas, the other group consists of four symmetric 
cross-ply laminates of stacking sequence [(0/90)28]j- The thickness of each laminate is 
0.3 inch. Each laminate was designated by a number for identification. Stacking se­
quence, total number of plies, laminate thickness and their identification numbers are 
shown in Table 4.1. All four laminates in each group are identical. These plates were 
cured in an autoclave at a temperature of 350°F in a vacuum bag under a pressure of 
80 psi for four hours. 
All the plates were damaged by firing four different types of bullets. These bullets 
were essentially of the same shape but had different velocities. 
During the experiment, efforts were made to record the speed of the bullet before 
Table 4.1 Plates specifications and identification numbers 
Stacking Sequence Thickness (in) Identification No. 
[(0/90)u]. 0.3 la,lb,Ic,id 
[(0/±45/90)7]3 0.3 2a,2b,2c,2d 
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and after the impact. For this purpose, two shooting chronograph were used. One 
chronograph Weis placed in front of the plate and the other chronograph Wcis placed at 
the back of the plate. Chronograph and the target plate was mounted on tripods and 
were placed in a straight line as shown in Figure 4.1. 
Chronograph is an instrument which has two photo sensors mounted at a fixed dis­
tance. When an object moves directly over the two sensors, it causes change in lightning 
condition and that change in light is sensed by those photo sensors thus generating a 
signal. Signal from two sensors provides the time it takes for an object to move from one 
sensor to the other. The elapsed time between the sensors is converted to velocity and 
is displayed on a LCD panel. Chronograph used, had a capability of measuring speeds 
ranging from 56 ft/sec to 9999 ft/sec with an accuracy of 99.5%. 
This method of measuring the bullet speed after impact is very difficult because in 
Figure 4.1 Experimental set up 
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order to measure the speed, bullet has to pass directly over the two sensors which are 
only 1.5 inch wide. The path of the bullet after exiting the plate caji not be predicted. 
In some cases it may change the direction or it may even disintegrate and can cause 
damage to the equipment. To protect the instruments, steel shields were made and were 
mounted in front of the chronograph. Though bullets were fired well above the photo 
sensors, but still some of the bullets shattered and some of the pieces hit the instruments. 
It is recommended that such bullets which shatter on impact should be avoided for this 
type of experiments. 
Bullets were shot from 10 feet distance from the first chronograph to avoid muzzle 
blast. It is necessary to keep some distance between muzzle and chronograph to be able 
to measure the correct speed because, if chronograph is placed too close to the muzzle 
of the gun, due to high pressure generated, chronograph may not be able to record the 
speed or the recorded measurement can be inaccurate, also the blast may even blow 
the chronograph. In addition to protecting the face of the chronograph, slots of the 
photo sensors are also need to be covered with clear tape to prevent powder residue 
from getting into these slots. 
Despite of the limitations, every effort was made to record the speed after every 
impact, but some of the speeds could not be recorded due to the above mentioned 
reasons. Table 4.2 shows the type of bullets used, speed of these bullets before and after 
impact and the impacted plates. 
Plates were weighed before and after impact to see how much mass is removed due 
to these impacts, these are listed in Table 4.3. As can be seen from Table 4..3, bullet 
impacts on composite plates resulted in small weight reduction of the plates. It was 
observed during the e.xperiment that due to the bullet shots, shattered broken fibers 
come out of the plate and it is difficult to collect all such broken fibers after the impact. 
Table 4.2 Bullet specifications and the impacted plates 
Bullet Type Bv\Uet Dia(in) Wt.(Oz) V.B.I." y . k . l . '  EA '  Impacted Plate Damaged Area(in^) 
3006(Lead) 0.308 0.4411 1471 926 1343 772 154 la 6.734 
3006(Lead) 0.308 0.4411 1478 935 1379 814 121 2a 5.776 
3030 0.30 0.3429 1668 926 1556 806 120 lb 3.925 
3030 0.30 0.3429 1623 876 1493 742 134 2b 2.564 
7mm 0.284 0.3429 3100 3198 - - - Ic 1.248 
7mm 0.284 0.3429 3101 3200 - - - 2c 1.223 
7mm 0.284 0.3429 3161 3325 3034 3063 262 Id 1.227 
3006 0.308 0.3589 2882 2893 - - - Id 1.380 
3006 0.308 0.3589 2800 2730 2688 2516 214 2d 1.144 
"Velocity Before lmpact(ft/sec) 
''Impact Energy(ft-lbs) 
"Velocity After Irnpact(ft/sec) 
''Residual Energy (ft-lbs) 
"Absorbed Energy(ft-lbs) 
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Table 4.3 Weight of the plates before and after impact 
Plate No. VVt." Before Impact Wt. After Impact Wt. Loss 
la 18.291 18.081 0.210 
2a 18.328 18.269 0.059 
lb 18.578 18.437 0.141 
2b 18.580 18.505 0.075 
Ic 18.650 18.497 0.153 
2c 18.739 18.703 0.036 
"All weights are in oz 
Visual Inspection 
Visual inspection of all the damaged plates were carried out and the visible damage 
was measured. In plate la Figure 4.2, a rectangular hole of 0.36 inch by 0.4 inch is 
measured on the front surface, with outer ply peeling off in 0 degree direction over an 
area of 0.45 inch by 0.45 inch. On the back surface of plate la, Figure 4.3, a big damaged 
area is seen with a very clear pattern of plies breaking perpendicular to fiber direction 
in a straight line, like a precise and clean cut. Material broke off in square shapes, and 
more material is broken towards exit side. On one side of the hole, damaged area of 
2.2 inch by 2.2 inch is observed and on the other side of the hole, plies are delaminated 
and broken over an area of 0.8 inch by 0.21 inch. 
Figure 4.2 Front surface of plate la Figure 4.3 Back surface of plate la 
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In plate 2a Figure 4.4, on the front surface, damage is seen in an area of 1.2 inch 
by 0.8 inch with outer ply peeling off over an area of 5.5 inch by 0.64 inch in 0 degree 
direction. On the back surface of plate 2a, Figure 4.5, extensive damage is seen over an 
area of 3 inch by 2 inch with plies breaking and bulging out. 
Figure 4.4 Front surface of plate 2a Figure 4.5 Back surface of plate 2a 
In plate lb Figure 4.6, a through hole of 0..34 inch diameter is seen at front surface 
with little damage around the hole in outer plies. Back surface of plate lb is e.xtensively 
damaged over an area of 2 inch by 1.9 inch, as shown in Figure 4.7. The damage 
is rectangular in shape and the size of the rectangles increase through the thickness 
moving towards the exit surface. 
Figure 4.6 Front surface of plate lb Figure 4.7 Back surface of plate lb 
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In plate 2b, Figure 4.8. a circular hole of 0.3 inch diameter is observed with outer 
ply peeling off in 0 degree direction over a length of 1.7 inch. On the back surface of 
plate 2b, Figure 4.9, extensive damage is observed over an area of 2 inch by 1.5 inch. 
Outer ply is peeling off in 0 degree direction over an area of 5 inch by 1.2 inch. 
Figure 4.8 Front surface of plate 2b Figure 4.9 Back surface of plate 2b 
In plate Ic, Figure 4.10 at the front surface, a rectangular hole of 0.42 inch by 
0.49 inch is seen with outer ply peeling off in 0 degree direction over an area of 3 inch 
by 0.4 inch. .A.t the back surface of plate Ic, Figure 4.11, damage is observed as rect­
angular shape over an area of 0.52 inch by 0.73 inch. Size of these rectangles increases 
progressively from entry side towards exit of the bullet. Outer ply is peeling off over an 
area of 5 inch by 0.77 inch in 0 degree direction. 
Figure 4.10 Front surface of plate Ic Figure 4.11 Back surface of plate Ic 
so 
In plate 2c. at the front surface. Figure 4.12 damage is observed as a through hole of 
0.28 inch diameter with outer ply peeling off along the fibers over an area of 0.35 inch by 
0.86 inch. .A.t the back surface of plate 2c, Figure 4.13, a hole of 0.48 inch is measured 
with some damage observed around the hole in area of 1.44 inch by 0.63 inch. 
Figure 4.12 Front surface of plate 2c Figure 4.13 Back surface of plate 2c 
Plate Id has two holes in it, two bullets were shot on this plate. .A.t one surface, 7mm 
bullet was shot, whereas 3006 bullet was shot at the opposite side of the plate. On plate 
Id in Figure 4.15, bottom hole is the entrance of 3006 bullet, which is a small square 
shaped hole of 0.28 inch by 0.28 inch with damage extending along the fiber direction 
over a length of 4.8 inch in outer plies. Exit of 3006 can be seen in Figure 4.14 as bottom 
hole. It is clear from the figure that on the exit side, hole is much bigger and it is square 
Figure 4.14 Entry of 7mm and exit of Figure 4.15 Entry of 3006 and exit of 
3006 7mm 
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in shape. Material is removed in square shapes, and more material is removed to­
wards exit side. Plies are cut perpendicular to fibers, and these cut rectangles get bigger 
progressively through the thickness towards exit surface. At the exit surface, a rectan­
gular hole of 0.655 inch by 0.8 inch is observed. Top hole in Figure 4.14 is the entry side 
of 7mm bullet in plate Id. It has created a rectangular hole of 0.285 inch by 0.265 inch 
and the damage is extending over an area of 0.4 inch by 0.4 inch on the entry surface. 
On the exit face of 7mm, damaged area of 0.845 inch by 0.79 inch is observed, as shown 
in top hole of Figure 4.15. 
In plate 2d, on the front surface, Figure 4.16, a circular hole of 0.3 inch is measured. 
On the back surface. Figure 4.17 damage is over an area of 1.2 inch by 0.78 inch with 
the outer ply peeling off in 0 degree direction over a length of 4 inch. 
Figure 4.16 Front surface of plate 2d Figure 4.17 Back surface of plate 2d 
Ultrasonic Inspection 
Non-destructive testing was carried out for all the plates to evaluate damage using 
ultrasonic as the testing method. A 15 MHz, 0.5 inch diameter focused transducer with 
a focal length F=2.0 was used for the inspection. Plates were immersed in a water tank 
and scans were performed. The schematic of the experiment is shown in Figure 4.18. 











Figure 4.18 Schematic of experimental setup. 
various depths through the thickness of the laminate from full waveform data to study 
the damage spread in the laminates. Wave speed in composite plates was measured from 
undamaged plate using through transmission method. Two transducers were placed on 
opposite faces of the plate and time of flight was measured through the laminate thickness 
(0.3 inch), which was found to be 2.78 n second, thus determining wave speed to be 8993 
fps. In Figures 4.19 through 4.26, these images can be seen at different depths of the 
laminate. One fi second gate was used in these images which corresponds to 0.108 inch 
depth in the laminate. Distances in these images indicate starting and ending depths. 
All images are 4 inch by 4 inch size except images in Figure 4.25, which are 6 inch by 
4 inch. These images clearly indicate progressive increase in damage from front to back 
surface. 
Damaged areas were measured from the scanned images using software "Sonix", 
which has the capability to measure any distance on a scanned image. These areas with 
the type of bullets and the impacted plates are presented in Table 4.2. 
From surface lo 0.108 inch depth 
0.135 to 0.189 inch 
0.216 to 0.270 inch 
0.108 to 0.162 inch 0.081 to 0.135 inch 
0.162 to 0.216 inch 0. i 89 to 0.243 inch 
0.243 to 0.297 inch 0.270 inch to back surface 
Figure 4.19 4 inch by 4 inch C-scans for plate la impacted with '3006(Lead) bullet. 
Front surface to 0.108 inch depth 0.081 to 0.135 inch 0.108 to 0.162 inch 
f • '"*,1 
0.13510 0.189 inch 
'v 
0.162 lo 0.216 inch 
r X 
0.189 to 0.243 inch 
»• 
0.216 to 0.270 inch 0.243 10 0.297 inch 0.270 inch to back surfacc 
Figure 4.20 4 inch by 4 inch C-scaiis for plate 2a impacted witli 300(i(Leacl) bullet. 
Front surface to 0.108 inch depth 0,081 to 0.135 inch 0.108 to 0.162 inch 
0.135 to 0.189 inch 
0.270 inch to back surface 
Figure 4.21 4 inch by 4 inch C-scans for plate lb impacted with 3030 bullet. 
Front surface to 0.108 inch depth 0.081 to 0.135 inch 0.108 to 0.162 inch 
0.216 to 0.270 inch 0.243 to 0.297 inch 0.270 inch to back surface 
Figure 4.22 4 incli by 4 inch C-scaus for plate 2b impacted with 3030 bullet. 
Front surface to 0.108 inch depth 0.081 to 0,135 inch 0.108 to 0.162 inch 
0.216 to 0.270 inch 0.189 to 0.243 inch 
0.243 to 0.297 inch 0.270 inch to back surface 
Figure 4.23 4 iiicli by 4 inch C-scans for plate Ic impacted with 7inm bullet. 
Front surface to 0.108 inch depth 0.081 to 0.135 inch 0.108 to 0.162 inch 
0.135 to 0.189 inch 0.162 to 0.216 inch 0.189 to 0.243 inch 
0.216 to 0.270 inch 0.243 to 0.297 inch 0.270 inch to back surface 
Figure 4.24 4 inch by 4 inch C-scans for plate 2c impacted with 7inni bullet. 
Front surface to 0.108 inch depth 0.081 10 0.135 inch 0.108 to 0.162 inch 
0.270 inch to back surface 
Figure 4.25 6 inch by 4 inch C-scans for plate id iinpactecl witli 7nini and 
3006 bvillels. 
Front surface to 0.108 inch depth 
0.135 to 0.189 inch 
0.216 to 0.270 inch 
Figure 4.26 4 inch 
0.081 to 0.135 inch 
0.162 to 0.216 inch 
0.243 to 0.297 inch 
4 inch C-scaiis for plate 2^ 
0.10810 0.162 inch 
0.189 to 0.243 inch 
0.270 inch to back surface 
impacted with 3006 bullet. 
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Conclusions 
As can be seen from Table 4.2, maximum damage is caused by 3006 Lead bullets 
in both, cross-ply and quasi-isotropic laminates. This is the slowest speed bullet but 
has maximum weight. It has caused significantly more damage than the other bullets. 
The reason for this behavior is that it is made of lead which is softer material and 
disintegrates upon impact, causing greater damage to the target. 3030 bullets have 
induced more damage than 7mm and 3006 bullets which are comparatively much fcister 
than 3030 bullets. By looking at these results, it is clear that these impact velocities fall 
into two groups. One has slower speed which ranges between 1471 to 166S fps. and the 
other group has the velocity range between 2730 to 3325 fps. Damages caused by slower 
bullets are clearly more than the damages induced by faster bullets. This suggests that 
damage is more dependent on the impact speed of the bullet and not on the impact 
energy and faster bullets induce less damage in composite panels as compared to the 
slower bullets. 
In all the cases, damage in cross-ply laminates is more than the damage in quasi-
isotropic laminates, which suggests that damage is dependent on the stacking sequence 
of the laminate. 
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CHAPTER 5 DAMAGE MODEL 
Introduction 
Modeling of all the events taking place in case of ballistic impact on composite 
laminates is a complex problem; however, an attempt is made in this chapter to present 
a model for delamination due to inter-laminar shear stresses developing eis a result of 
penetration of the bullet into a composite plate. Using this model, a detailed Finite 
Element study was conducted and the results of the study are also presented in this 
chapter. 
When the bullet hits the composite laminate, the sequence of events is as follows: 
(1) Bullet strikes the surface of the laminate and an initial contact is made, 
(2) Plastic deformation of the bullet begins, 
(3) A shear deformation of the composite takes place and as a result, a plug is formed. 
(4) Plate starts bending due to the pressure applied by the bullet, 
(5) A stress wave is launched into the plate, 
(6) Bullet starts pushing the plug ahead and travel inside the plate, 
(7) Due to the friction between bullet and the plate, forces are applied in the plate 
around the bullet diameter, and 
(8) Shear stresses develop in the inter-laminar regions of the plate due to bullet 
penetration. 
For a complete analysis of the problem one has to calculate the energy losses in 
different stages and then calculate the inter-laminar shear stresses. Due to practical 
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Figure 5.1 Four ply model 
difficulties, the recovery of bullet was not possible and hence the energy during plastic 
deformation of the bullet could not be determined. At this time there is no method 
to measure the frictional losses due to bullet passing through composite. From the 
mechanics point of view, the development of inter-laminar shear stresses was possible 
which is described here. 
In the following section, quasi-static analysis is presented, where the failure of individual 
plies and travel of the bullet through the plate is considered. 
Penetration Model 
This is a static model which describes the penetration process of a bullet into a 
composite plate and describes the resulting inter-laminar shear stresses due to bullet 
shear force. This prehminary model gives a fairly good explanation of delamination in 
composites due to such impacts. The process of bullet penetration is explained through 
a 4 ply laminate in Figure 5.1. Ply numbering in the laminate is such that bullet enters 
through ply?^ 4 and exits from the other side from ply?^ 1. 
When bullet strikes the front surface, ply# 4 deforms and bends. .Although bullet is 
in contact with only ply# 4, rest of the plies also deform, due to the pressure exerted 
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by the bullet. As the bullet moves forward, first ply breaks in shear «is the pressure 
e.xceeds the shear strength of the ply. After breakage of first ply, bullet comes in contact 
with ply# 3, causing deformation in the remaining three plies. Ply?^ 3 also fails just like 
ply# 4, when bullet pressure exceeds the shear strength of the ply, thus leaving only two 
plies in the laminate. With the same process, rest of the plies fail in a combination of 
shear and bending just like the front surface ply and eventually a plug comes out-of-the 
plate creating a hole in the plate. As the bullet penetrates into a ply, it exerts a shear 
force around a hole of bullet's diameter. When bullet fully penetrates into the plate, it 
exerts an out-of-plane shear force around its diameter. This force is due to the friction 
between the bullet and the broken edges of the laminate. Due to this force, outer-most 
ply of the laminate will fail first and the maximum inter-laminar shear stress will be 
in between two outer-most plies, which will cause delamination in between those two 
plies. .A.fter the outer-most ply failure, only three layers axe left in the laminate. Due to 
same shear force, the next ply which has become the outer-most ply, will fail, and the 
maximum inter-laminar shear will be in between ply number two and three, which will 
cause delamination there. As this process continues, effective plies in a laminate will 
keep decreasing as the outer plies will become ineffective. As the number of plies reduce 
in a laminate due to failed plies, stresses keep increasing in rest of the laminate, due to 
reduction in bending stiffness causing greater delamination. This is part of the reason 
that more damage is observed towards exit side of the plate. 
Finite Element Study 
A detailed study was carried out by modeling the situation described above, where 
out-of-plane shear force is applied along the hole diameter in composite plates. Results 
show that the outer-most plies will have ma.ximum inter-laminar shear, and the outer­
most ply fails first based on Tsai Wu Failure criteria. Bullet penetration into a composite 
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Figure 5.2 Mesh used in the model 
plate was modeled using ANSYS5.3. The problem was solved by taking an 8 inch by 
8 inch composite plate with a hole of half inch diameter in the center of the plate. Out-
of-plane shear force was applied all around the hole and outer boundaries were fixed. 
Model geometry is shown in Figure 5.2. There are 400 elements and 1280 nodes in this 
model. Element Shell 99 was used which has the capability to model up-to 100 layers. 
It is eight noded element with 4 corner and 4 mid-side nodes. Each node has six degrees 
of freedom. 
A quasi-isotropic lajiiinate with stacking sequence (0/ ± 45/90), was analyzed. The 
problem was solved following the same argument described above of progressively de­
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creasing number of plies due to the failure of outer-most plies. For example, initially 
8-ply laminate was solved by applying out-of-plane shear force of 400 lbs around the hole 
diameter. After finding the failure ply, assumption was made that the failed ply does 
not contributing any more to the laminate's remaining strength and stiffness, therefore 
that ply was removed from the laminate and then rest of the laminate was solved with 
reduced applied shear force by a factor of one eighth of the original load of 400 lbs. The 
same procedure of reducing plies and applied shear force was followed until all the plies 
in a laminate failed. Maocimum inter-laminar shear stresses(ILSS), plies where (ILSS) 
is occurring and failure layer number using Tsai Wu failure criteria were calculated. 
Results are tabulated in Table 5.1. 
Table 5.1 Inter-laminar shear stresses and failure plies for 8 ply laminate 
Stacking Sequence Maximum ILSS°(psi) ILLN" FCLN-^ 
(0/± 45/90), 28049 7 8 
(0/±45/902/=F45) 2S188 6 7 
(0/±45/902/-45) 26.364 5 6 
(0/±4.5/902) 24476 4 5 
(0/ ± 45/90) 25643 3 4 
(0/ ± 45) 28203 2 3 
(0/45) 30670 I 2 
"Inter-laminar shear stress 
''Bottom Layer number of two layers where Maximum ILSS occur 
'Failure Layer number as per Tsai Wu Failure Criteria 
Conclusion 
It is clear from the results that outer-most ply in a laminate always fails first and 
the maximum inter-lajninar shear occurs in between two outer-most plies. In general, 
inter-laminar shear stresses keep increasing as the number of plies decrease in a laminate, 
but it is strongly dependent on stacking sequence. Since this is a qucisi-static analysis, 
the wave reflection effects are not included. 
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Values of maximum inter-laminajr shear stresses and the the total number of plies 
remaining in the laminate, from Table 5.1 are presented as bar chart in Figure 5.3. 
35000 • • •• 
8 7 6 5 4 3 2 
Total No. of Plies 
Figure 5.3 Maximum ILSS vs number of plies 
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CHAPTER 6 CONCLUSIONS AND DISCUSSION 
In this study, effects of ballistic impact damage oa composites were investigated. Two 
types of laminates were used for this purpose. One was termed as thin laminate having 
up to 16 plies and the other was termed as thick laminate comprising of 56 plies. Two 
stacking sequences were chosen, one was cross-ply and the other was quasi-isotropic. .A.11 
laminates were symmetric with respect to mid plane. 
Thin Laminates 
Following observations were made during the study of thin laminates: 
(1) Results indicate that natural frequencies of damaged laminates decrease in general 
for few initial modes and then for some higher modes, they increase. 
(2) In cross-ply laminates, small damage has very little effect on natural frequencies. 
.'\s the damage increases in cross-ply laminates, they also start exhibiting a trend of 
decrease in natural frequencies. 
(3) The damage size is more dependent on the shape and size of the impactor, rather 
than the impact energy. Bigger and less pointed, flat head bullets cause more damage 
in composite laminates than smaller and pointed shape bullets. 
(4) Faster bullets cause less damage compared to slower bullets. 
(5) Damage is dependent on stacking sequence of the laminate, cross-ply laminates 
have more damage than the quasi-isotropic laminates. 
(6) The damage is dependent on the thickness of the laminate, being more in 
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thicker laminates. 
(7) The actual damage size is always more than the visible damage. 
(8) In all cases damage was more towaxds the exit side of the laminate than the entry 
surface. 
Thick Laminates 
Following observations were made during the study of thick laminates: 
(1) Damage is inversely dependent on the speed of the bullet rather than the impact 
energy. It was found that damage caused by slower bullets is more than the faster 
bullets. 
(2) The damage is dependent on the stacking sequence of the laminate, cross-ply 
laminates have more damage than the quasi-isotropic laminates. 
(3) Damage is far more on the exit surface than the entry surface of the laminate. 
(4) It was observed thai; the actual damage size is greater than the visible damage. 
.A. model of bullet penetration into a composite laminate is presented and the failure 
due to inter-laminar shear stresses was explained through this model. 
Presented model was verified using Finite Element analysis. An eight ply quasi-isotropic 
laminate was analyzed using ANSYS5.3, and it was demonstrated that always outer-most 
ply of the laminate fails first and maximum inter-laminar shear stress occur between two 
outer-most plies, causing delamination. 
It was also demonstrated that inter-laminar shear stresses, in general increase progres­
sively as the number of effective plies in the laminate reduce due to failure. This increase 
in inter-laminar shear is strongly dependent on the stacking sequence. 
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Discussion 
In case of thin laminates, bullets of different shapes and sizes were used and it was 
observed that the damage size is strongly dependent on the shape and size of the bullet 
and not on the impact energy. The reason for this behavior is that in case of flat head 
bullet, initial contact area of the bullet with the plate is more, thus pressure exerted by 
the bullet is over a larger area, causing greater damage in the plate. In contrast, if the 
bullet has pointed tip, penetration into the plate is more gradual, and the initial contact 
area is very small as compared to flat head bullet. 
In both cases of thin and thick laminates, speed of the bullet was found to be an 
important parameter. It was observed that faster bullets cause lesser damage as com­
pared to slower bullets. This is due to the fact that slower bullets interact for a longer 
period of time with plate, which results in increase in absorbed energy during fracture. 
The laminate gets sufficient time to undergo progressive damage, thus causing damage 
over a larger area. VVhereeis faster bullets penetrate through the plate in lesser time 
and bullet-plate interaction time is shorter, thus causing lesser damage in the plate. 
Laminate-bullet interaction time was estimated using Table 4.2. Deceleration of the 
bullet was calculated using bullet speeds before and after the impact assuming that two 
speeds are constant before entering and after exiting the laminate. Time for the bullet 
to travel through the laminate was calculated using laminate thickness and bullet decel­
eration. Bullet speeds and the time it took for the bullets to go through the laminate, 
is plotted in Figure 6.1, which clearly shows that faster bullets go through the laminate 
very quickly and thus do not interact with the laminate as much as the slower bullets. 
As a result, lesser damage is induced in the laminate by faster bullets. Damaged areeis 
and bullet impact speeds from Table 4.2, are plotted in Figure 6.2, which shows that at 
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Bullet Speed (fps) 
Figure 6.1 Speed of the bullets vs time 
quasi-isotrpic 
cross-ply 
1000 2000 3000 4000 
Bullet Speed (fps) 
Figure 6.2 Damaged area vs bullet speeds 
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In both cases of thin and thick laminates, damage was found to be more on the exit 
surface of the plate. This is because of two reasons; first, as the bullet strikes the plate, a 
wave is launched into the plate and as it reaches the back surface, it reflects as a tension 
wave thus causing spalling at the back surface, and second, the reason is explained 
through the quasi-static model in Chapter 5, where inter-laminar shear stresses increase 
progressively through the thickness of the laminate, due to failure of plies and become 
maximum at the back surface plies. 
It was found that damage is greater in thicker laminates. This behavior is attributed 
to following two reasons: 
1) .-X-s mentioned earlier, when bullet strikes the plate, stress wave is launched into 
the plate. In case of thin laminate, reflected fan of the wave will be smaller as compared 
to the reflected fan in thick laminate as shown in Figure 6.3, hence tensile failure will be 
lesser in thin laminate. If two laminates of different thickness are impacted with similar 
bullets, as shown in Figure 6.3, angle 9 will be same in both laminates since these are 
made of same material, and the wave speed will be same in two laminates. It is clear 
from the figure that > xi, which means that wave will influence a greater area in 
thicker laminate, thus causing more damage in thicker laminate. 
2) Other reason is attributed to the difference in bending stiffness of two types of 




Figure 6.3 Waves in laminates of two different thicknesses 
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resist bending thus causing energy absorption through damage in the laminate. Using 
lamination theory, described in Chapter 2, a Fortran code vveis developed and bending 
stiffness matrices for all the laminates used in this study were calculated, the Dn terms 
from calculated matrices are given in Table 6.1. 
Table 6.1 Di\ terms for all the laminates 
Stacking Sequence Dii N-m 
(0/90/ ± 45), 8 
[(0/90/ ± 45)2], 52 
[(0/90)4]. 62 
[ ( o / ±  45/90)7], 1990 
[(0/90)H], 2380 
It is evident from the Table 6.1, that bending stiffness increzises with the increase in 
thickness, thus providing greater resistance against bending and as a result, more energy 
is dissipated in damage resulting in larger damage. 
In both thin and thick laminates, damage was found greater in cross-ply laminates. 
The reason is the bending stiffness, which is greater for cross-ply laminates as compared 
to the quEisi-isotropic laminates, as shown in Table 6.1. 
Future Work 
To further investigate the problem of ballistic impact damage, it is recommended 
that bullets of same shape and size be used and only the speed of the bullets be varied 
which can be accomplished by varying the powder in the bullets. This will provide 
different speeds and hence different impact energies. 
Bullets should be retrieved after the impact and the deformation can be measured 
to calculate the energy dissipated during bullet's plastic deformation. After finding the 
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energy dissipated during bullet plastic deformation, it will be possible to determine exact 
amount of energy absorbed during damage of the composite plates. 
A dynamic Finite Element analysis can be performed for the bullet penetration in to 
composite laminates, where loads could be varied with time and elements in the model 
progressively become dead after failure. Such life and death elements can better estimate 
the failure of the composites. 
105 
BIBLIOGRAPHY 
[1] Tortolano, F. VV., "Why Composites are Still Soaring,'' Design News, Vol. 49, Sept. 
12, 1994, pp. 70-74. 
[2] .Jih, C. J., and Sun, C. T., "Prrediction of Delamination in Composite Laminates 
Subjected to Low Velocity Impact,"' Journal of Composite Materials, Vol. 27, 1993. 
pp. 684-701. 
[3] Soutis, C., and Curtis, P. T., ''Prediction of the Post-Impact Compressive Strength 
of CFRP Laminated Composites,'' Composites Science and Technology, Vol. 56. 
1996, pp. 677-684. 
[4] Wu, C. L., and Sun, C. T., "Low Velocity Impact Damage in Composite Sanwich 
Beams," Composites Structures, Vol. 34, 1996, pp. 21-27. 
[5] Zhou, G., "Damage Mechanisms in Composite Laminates Impacted by a Flat-ended 
Impactor," Composites Science and Technology, Vol. 54, 1995, pp. 267-273. 
[6] Benzeggah, M. L., and Benmedakhene, S., "Residual Strength of 
Glass/Polypropylene Composite Material Subjected to Impact," Composites 
Science and Technology', Vol. 55, 1995, pp. 1-11. 
[7] VV^ang, H., and Vu-Khanh, T., "Damage Extension in Carbon Fiber/PEEK Crossply 
Laminates under Low Velocity Impact," Journal of Composite Materials, Vol. 28. 
1994. pp. 684-707. 
106 
[8] Kitchen, S. A., and Kemp, M. J., ''The Effect of Stacking Sequence on Impact 
Damage in a Carbon Fiber/Epoxy Composite," Composites, Vol. 26, 1995. pp. 
207-214. 
[9] Bibo, G., Leicy, D., Hogg, P. J., and Kemp M., "High Temperature Damage Toler­
ance of Carbon Fiber Reinfored Plastics, Part I: Impact Characteristics," Compos­
ites, Vol. 25, 1994, pp. 414-42.3. 
[10] Ramkumar, R. L., and Chen, P. C., "Low Velocity Impact Response of Laminated 
Plates," AIAA Journal, Vol. 21, 1983, pp. 1448-14.52. 
[11] Prasad, C. B., .Ambur, D. R., and Starnes Jr., J. H., "Response of Laminated 
Composite Plates to Low Speed Impact by Different Impactors," .AIAA .Journal. 
Vol. 32, 1994, pp. 1270-1277. 
[12] Zukas, J. A., Nicholas, T., Swift, H. F., Greszczuk, L. B., and Curran, D. R., Impact 
Dynamics, John Wiley Sons, Inc., New York, 1982. 
[13] Goldsmith, W., Impact, The Theory and Physical Behaviour of Colliding Solids. 
Edward Arnold Publishers Ltd., London, 1960. 
[14] Yigit, A. S., and Christoforou, A. P., "Impact Dynamics of Composite Beams," 
Composites Structures, Vol. 32, 1995, pp. 187-95. 
[15] Lee, S. VV. R., and Sun, C. T., "A Quasi-Static Penetration Model for Composite 
Laminates," Journal of Composite Materials, Vol. 27, 1993, pp. 251-271. 
[16] Jenq, S. T., and Mo, J. J., "Ballistic Impact Response for Two Step Braided Three-
Dimensional Textile Composites," AIAA Journal, Vol. 34, 1996, pp. 375-384. 
[17] .A,very, J. G., and Porter, T. R., "Comparisons of the Ballistic Impact Response 
of Metals and Composites for Military .Aircraft .Applications." Foreign Object Im­
107 
pact Damage to Composites, ASTM STP 568, American Society for Testing and 
Materials, 1975, pp. 3-29. 
[is] Husman, G. E., Whitney, J. M., and Halpin, .J. C., "Residual Strength Character­
ization of Laminated Composites Subjected to Impact Loading," Foreign Object 
Impact Damage to Composites, ASTM STP 568, American Society for Testing and 
Materials, 1975, pp. 92-113. 
[19] Greszczuk, L. B., "Response of Isotropic and Composite Materials to Particle Im­
pact," Foreign Object Impact Damage to Composites, ASTM STP o6S, American 
Society for Testing and Materials, 1975, pp. 183-211. 
[20] Cantwell, W. J., and Morton, J., "Detection of Impact Damage in CFRP Lami­
nates," Composite Structures, Vol. 3, 1985, pp. 241-257. 
[21] Starnes, J. H., Jr., Rhodes, M. D. and Williams, J. G., NASA Report No. N.A.S.A-
TC-7S796, 1978. 
[22] Cantwell, W. J., and Morton, J., "The ballistic Perforation of CFRP",International 
Conference on Impact Testing and Performance of Polymeric materials. Sept 1985. 
held at University of Surey Guildford(England) ,pp. 17/1. 
[23] Preston, J. L., Jr., and Cook, T. S., "Impact Response of Graphite Epoxy Flat 
Laminates Using Projectiles That Simulate Aircraft Engine Encounters," Foreign 
Object Impact Damage to Composites, ASTM STP 568, American Society for 
Testing and Materials, 1975, pp. 49-71. 
[24] Dorey, G., Sidey, G. R., and Hutchings, J., "Impact Properties of Carbon 
Fiber/Kevlar49 Fiber Hybrid Composites," Composites, 1978, pp. 25-32. 
[25] Broutman, L. J., and Rotem, A., "Impact Strength and Toughness of Fiber Com­
posite Materials." 1975."Impact Strength and Toughness of Fiber Composite Mate­
108 
rials,'' Foreign Object Impact Damage to Composites, ASTM STP -568 American 
Society for Testing and Materials, 1975, pp. 114-133. 
[26] Reddy, J. N., Mechanics of Laminated Composite Plates, Theory and analysis, CRC 
Press. Inc., New York, 1997. 
[27] .A.garwal, B. D., and Broutman, L. J., Analysis and Performance of Fiber Compos­
ites, .John Wiley & Sons, Inc., New York, 1990. 
[28] Reddy, J. N., Variational methods, Theory and analysis, CRC Press, Inc.. New 
York, 1997. 
[29] Lai, VV. M.. Rubin, D., and Krempl, E., Introduction to Continuum Mechanics, 
Pregamon Press, New York, 1993. 
